We have cloned and determined the nucleotide sequence of the prlF gene. An open reading frame predicting a 111-amino-acid protein (Mr 12,351) with an acidic carboxy terminus was identified. The DNA sequence preceding this open reading frame revealed a putative promoter and a ribosome-binding site. The nucleotide sequence of the prlF1 mutation revealed a 7-base-pair duplication resulting in a slightly smaller predicted gene product of Mr 12,009 that lacked the acidic carboxy terminus. Maxicell analysis of prlF and priF1 subclones identified peptides of sizes similar to those predicted by the nucleotide sequences. The priF sequence was shown to be expressed in vivo by both maxicell analysis and construction of a prlF-lacZ fusion. Two kanamycin resistance insertions within the priF open reading frame were introduced into the chromosome, replacing the wild-type gene. In contrast to the priFi mutation, these insertions had no detectable effect on cell growth or on the I-galactosidase activity or maltose sensitivity (two sensitive indicators of hybrid protein export) conferred by the lamB-lacZ42-1 gene fusion. Overproduction of the wild-type prlF gene product from a plasmid carrying an active hybrid promoter, however, conferred a prlFI phenotype. In addition, both the priF1 mutation and both kanamycin resistance insertions increased the I8-galactosidase activity of a prlF-lacZ fusion. These results suggest that prlF is autoregulated and that overproduction of the priF gene product increases the export efficiency of I-galactosidase hybrid proteins from the cytoplasm. second mutation, priFi. Like signal sequence mutations, prlFi relieves the lethality (maltose sensitivity [Mals]) associated with either lamB-lacZ or malE-lacZ gene fusions. It differs, however, in that it causes a marked decrease in P-galactosidase activity (11) . We showed that these phenotypes were due to the more efficient export of the hybrid protein from the cytoplasm rather than to a decrease in hybrid protein synthesis or an increase in protein degradation. Therefore, this mutation, which is unlinked to the hybrid gene, can be considered a suppressor of overproduction lethality. Further characterization of the suppressor revealed that it is recessive in diploid analysis. This was surprising, because it is somewhat difficult to envision how a loss of function could relieve LacZ hybrid protein jamming without causing a block in the export of other noncytoplasmic proteins.
Gene fusions have been used extensively in Escherichia coli to analyze the process of protein export (1, 24) . In particular, gene fusions between lacZ and a target gene that specifies an exported protein have been created. These fusions produce a hybrid protein with an amino terminus of the target protein and a functional carboxy terminus of the cytoplasmic enzyme ,-galactosidase. Strains of E. coli carrying such fusions have been particularly useful, as they exhibit novel phenotypes that can be exploited to isolate export-defective mutants.
One of the novel phenotypes that is observed in strains carrying appropriate lacZ fusions is a decreased level of P-galactosidase activity, a result of localization of the hybrid protein to a noncytoplasmic location. A second phenotype is termed overproduction lethality. When high-level synthesis of the hybrid protein is induced, cells die owing to a lethal "jamming" of the cellular export machinery. In particular, lacZ fusions to the maltose-inducible genes lamB and malE have been well characterized with respect to these phenotypes (for reviews, see references 1 and 24). Export-defective mutants have been isolated by selecting for either resistance to overproduction lethality (maltose resistance [Malr] ) or increased P-galactosidase activity. For example, conditionally lethal mutations that cause a general defect in protein export, such as secA (18) , secB (12) , and secD (9) , have been isolated as mutations causing an increased level of 3-galactosidase activity. Selection for resistance to overproduction lethality has yielded a major class of export-defective mutations that alter the signal sequence of the target protein, rendering the hybrid protein incapable of interacting efficiently with the export machinery (7) . In addition, we have identified a P-galactosidase activity (11) . We showed that these phenotypes were due to the more efficient export of the hybrid protein from the cytoplasm rather than to a decrease in hybrid protein synthesis or an increase in protein degradation. Therefore, this mutation, which is unlinked to the hybrid gene, can be considered a suppressor of overproduction lethality. Further characterization of the suppressor revealed that it is recessive in diploid analysis. This was surprising, because it is somewhat difficult to envision how a loss of function could relieve LacZ hybrid protein jamming without causing a block in the export of other noncytoplasmic proteins.
We report here the molecular cloning and nucleotide sequence of the prlF gene. Its cloning has allowed us to characterize this gene and explain the recessive nature of this suppressor.
MATERIALS AND METHODS
Bacterial strains and phages. Table 1 lists the bacteriophages and E. coli K-12 strains used.
Media and chemicals. LB medium has been described before (25) . M9 (16) (16, 25) .
,-Galactosidase assay. Overnight cultures of cells were grown at 37°C in M63 medium containing glucose and supplemented with 5% LB. To induce expression of the maltose regulon, the overnight cultures were diluted into M63 medium containing glycerol and maltose and grown for 3 h at 30°C. We measured P-galactosidase activity as described by Miller (16) . Activities were normalized to cell density as determined by the OD600.
Maxicell analysis. To identify plasmid-encoded proteins, we performed maxicell analysis as described previously (20, 25) . Strain SE5000 was used as the recA host. Cells were grown at 37°C in 5 ml of M9 supplemented with glucose, 1% casamino acids, and ampicillin. Prior to labeling, the cultures were washed twice with fresh M9 with glucose. The cells were resuspended in 1 ml of this medium and incubated for 5 min at 37°C before addition of 50 ,uCi of [35S]Met. After a 5-min labeling period at 37°C, the cells were rapidly separated from the medium by centrifugation in a microfuge. The cell pellet was suspended in 50 to 200 ,ul of loading buffer (25) , and proteins were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
DNA manipulations. We isolated X and plasmid DNA as described previously (25) . DNA restriction and ligation were done as specified by the manufacturers. Strains were made competent for transformation by DNA by previously described methods (25) .
Construction of priF plasmids. The insert DNAs from XSaull and various pBR322 derivative plasmids that complemented priFI are shown in Fig. 1 DNA sequence determination. We used dideoxynucleotide chain termination (21) to determine the nucleotide sequence of both strands of an 850-bp fragment which complements the prlFI mutation. The fragment was divided at the HinclI site ( Fig. 1 ) for subcloning into M13mplO and M13mpll (15) to obtain single-stranded DNA for sequencing.
DNA sequences were analyzed with the University of Wisconsin Genetics Computer Group package (6) on a VAX computer (Digital Equipment Corp.). The codon adaptation index (22) was determined with the DNA Strider program (14) on a Macintosh Plus computer (Apple Computer, Inc.).
Construction of kanamycin resistance fragment insertions. The fragment conferring kanamycin resistance was removed from pUC71K (15) with SmaI and inserted into either the StuI (pDK28) or HinclI (pDK19) site of priF (Fig. 1 ). For placement into the chromosome, the insertions were recombined onto a transducing phage by growth of XSaull on strain MC4100 containing pDK19 or pDK28. The resulting lysate was used to obtain kanamycin-resistant, ampicillinsensitive transductants of MC4100. These transductants should be lysogens of ASaull onto which the kanamycin insertions were reciprocally recombined (designated XDK19 and XDK28). We (pGP103) was linearized with PstI and used to transform the recB recC strain JC7623 (13) as described previously (28) . Kanamycin-resistant, ampicillin-sensitive transformants were obtained and analyzed by P1 transduction and Southern blot analysis to confirm that the interrupted prlF gene was equivalent to the prlF(Stu)::kan allele constructed by recombination of the X phage as just described.
Southern analysis of kanamycin insertions. Chromosomal DNA was prepared as described before (25) . Samples were restricted with each of three different enzymes, AatII, KpnI, and PvuII, and fragments were resolved on a 1% agarose gel. The fragments were transferred by capillary blot to GeneScreen Plus hybridization transfer membranes (Du Pont Co., Boston, Mass.) following the manufacturer's instructions. The blots were probed with pDK21 ( Fig. 3) (27) to create an in-frame fusion of priF and lacZ. The resultant plasmid, pDK36, was identified by production of P-galactosidase activity in a Lac-strain. The fusion was recombined onto a transducing phage by growth of XRZ-5 (19) , which carries a fragment encoding an amino-terminal portion of P-lactamase adjacent to a segment of lacZ encoding the carboxy terminus of ,B-galactosidase, on the strain carrying pDK36. Recombinant phage were identified by using X-gal.
RESULTS
Cloning strategy. We have previously shown that the prlFI mutation is recessive and reduces the ,3-galactosidase activity conferred by the lamB-lacZ42-1 fusion (11). We have taken advantage of the recessive nature of prlFl to clone the priF gene. To accomplish this, we screened a XD69 (17) partial Sau3A library made from a Lac-strain of E. coli for phage able to complement the Lac-phenotype of priFI. We plated the library on lawns of strain DK2100, which carries the priFi mutation and the lamB-lacZ fusion. Plaques showing increased P-galactosidase activity (monitored by X-gal) were isolated and purified for further analysis.
Since XD69 phage containing inserts are integration deficient (int), recombinant phage preferentially integrate at loci homologous to the cloned insert. We made lysogens of 14 188 KIINO ET AL.
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potential clones in the prlFI strain K12100 and found in three fragment from XSaull was subcloned into pBR322 as decases that the prophage integrated at the priF locus, as scribed in Materials and Methods (Fig. 1) . This plasmid,
shown by P1 transduction with a TnlO 85% linked to prlF pDK2, was able to complement all phenotypes conferred by (zgj::TnlO from strain DK2154). We chose one of these prlFl. both strands of the 850-bp HindIII-AvaI fragment which complements prlFI (Fig. 1) . The fragment was divided at the HinclI site for subcloning into M13mplO and M13mpll for DNA sequence determination. Examination of the DNA sequence (Fig. 2) revealed only one open reading frame in which a methionine codon was preceded by a putative Shine-Dalgarno sequence (23, 26) . The sequence predicts a 111-amino-acid peptide (Mr 12, 351) distinguished by a very acidic carboxy terminus (six of eight terminal residues are acidic). A search for sequences resembling the E. coli promoter consensus sequence revealed a perfect match to the -10 region at the HindIII end of the cloned fragment. We then cloned the region from the original XSau3A transducing phage upstream of the HindIll site to sequence the -35 region and to construct the putative prlF gene in its entirety (pDK35, Fig. 1 plasmids which carry prlF (pDK2 and pDK35) and plasmid pDK41, which is identical to pDK35 except that it contains the priFi allele. As shown in Fig. 3 , a peptide of 14.1 kilodaltons (kDa) was expressed from both pDK2 and pDK35. We did not detect any other gene products specific to these inserts. Plasmid pDK41 expressed a slightly smaller protein of 13.8 kDa. These observed molecular masses are slightly higher than those predicted by the nucleotide sequence, but given that there are no other open reading frames which predict proteins in this size range, we conclude that the peptide predicted by the nucleotide sequence as shown in Fig. 2 is expressed from these plasmids and is the gene product of priF. In addition, the gene product detected from pDK41 (priFI) is consistent with the predicted consequences of the prlFI mutation.
We next constructed an in-frame fusion between prlF and lacZ as described in Materials and Methods. The resulting plasmid, pDK36, contains the natural prlF promoter and all but the carboxy-terminal 10 amino acids of the gene product fused in-frame with p-galactosidase. The constructed fusion was recombined onto the transducing phage XRZ-5, producing XDK36, which was lysogenized into strain MC4100. The detection of P-galactosidase activity indicates that the hybrid protein was being produced in vivo (Table 3) . Data from the maxicell experiments and the prlF-lacZ fusion strain provide evidence that priF is transcribed and translated in vivo. indicated that prlF is not essential. Southern blot analysis of DNA obtained from two independent insertions of each construction confirmed the presence of a single kanamycin resistance insertion with no chromosomal duplications or rearrangements (Fig. 4) . It was interesting to find that neither kanamycin insertion caused a detectable difference in the P-galactosidase activity conferred by the lamB-lacZ42-1 fusion. Growth rate and maltose sensitivity were likewise not affected by the prlF insertion (data not shown). If we assume that the insertions are null mutations, then prlFI must not cause complete loss of function.
PriF is a bifunctional protein. To further characterize the various prlF alleles, diploids were made by transducing the prlF(Stu)::kan insertion into strains containing the lamBlacZ fusion lysogenized with ASaull (prlF+ and prlFI) integrated at att. Table 4 shows the results of ,-galactosidase assays performed after maltose induction of the LamB-LacZ hybrid protein. As mentioned above, the prlF(Stu)::kan insertion had no effect on export, and in addition, this allele was recessive to prlFI. This result verified that prlFl is not simply a knockout mutation and that the export blockage imposed by the LamB-LacZ hybrid can be overcome by the prlFI gene product.
A suggestion as to the nature of the priFI mutation was provided when we lysogenized XDK36 (prlF-lacZ) into each of three otherwise isogenic derivatives of MC4100 containing prlFI (KI2100), prlF(Stu)::kan (KI8825), or priF (Hinc)::kan (KI8824) and measured the expression of the prlF-lacZ fusion. All three prlF mutations increased the expression of the prlF-lacZ fusion four-to fivefold (Table 3) .
These results indicate that prlF regulates its own expression and suggest that the priFI phenotype may be the result of (3, 5) . The 14.1-kDa protein was overproduced from this plasmid in maxicells at least 10-fold compared with pDK35, which carries the natural prlF promoter (Fig. 5) . Another reproducible observation was the greatly reduced expression of other proteins, such as ,-lactamase (Fig. 5, 28 -kDa and 31-kDa doublet). Also apparent in this figure is the presence of a slightly smaller species produced by pDK3. This species did not appear reproducibly and is probably a proteolytic fragment of the 14.1-kDa polypeptide. We introduced pDK3 into DK2108 (prlF+) and DK2105 (prlFI) and report the phenotypes of these transformants in Table 5 . In addition, As explained above, prlFI suppresses the lethality associated with the high-level production of certain LamB-LacZ or MalE-LacZ hybrid proteins. One goal of this work was to understand the recessive nature of this mutation, as previously shown by diploid analysis (11) . It seemed paradoxical that a loss-of-function mutation could suppress the overproduction lethality associated with hybrid protein synthesis without adversely affecting protein export in general. This paradox can be eliminated by proposing that PrlF is a bifunctional protein.
One of the functions of PrlF is to negatively regulate its own synthesis. We have shown that expression of a prlFlacZ fusion is increased either in a prlFI mutational background or in combination with either of two null alleles of prlF, prlF(Stu)::kan and prlF(Hinc)::kan. The second function of PrlF is evidenced by the fact that overproduction of wild-type PrlF protein (by expression from a high-copynumber plasmid) suffices to facilitate export of the LamBLacZ hybrid protein. These results indicate that one of the functions of PrlF has not been altered by the prlFI mutation; rather, prlFI allows this function to be expressed at an increased level. Further support for this conclusion comes from the analysis of the two prlF null mutations. Neither prlF(Stu): :kan nor prlF(Hinc): :kan mimics the prlFI phenotype, and priFI is dominant to both. Thus, the prlFI mutation alters the autoregulatory function, causing increased expression of the amino-terminal portion of PrlF, and it is this portion of the molecule that is required for suppression of maltose sensitivity.
The mechanism whereby increased synthesis of PrlF leads to suppression of overproduction lethality of certain LamBLacZ hybrid proteins remains unclear. If PrIF is a component of normal protein export in E. coli, it is not essential, or alternatively, it is involved in the export of only a subset of proteins. It is also possible that PrlF is involved in regulation of other proteins important for protein export. Recent evidence suggests that the PrlA-SecY protein constitutes at least a portion of the export machinery responsible for translocation of exported proteins across the inner membrane (2, 8) . It was also shown that PrlA-SecY is rendered rate limiting by high-level expression of the LamB-LacZ hybrid. Perhaps PrlF serves to increase the amount of or otherwise modify PrlA-SecY so that higher levels of the hybrid protein can be tolerated at this step of protein export.
Alternatively, PrlF could act, directly or indirectly, on the hybrid protein itself, allowing it to achieve a more exportcompatible conformation. These possibilities are currently being investigated.
